e Ceragenins constitute a novel family of cationic antibiotics characterized by a broad spectrum of antimicrobial activities, which have mostly been assessed in vitro. Using a polarized human lung epithelial cell culture system, we evaluated the antibacterial activities of the ceragenin CSA-13 against two strains of Pseudomonas aeruginosa (PAO1 and Xen5). Additionally, the biodistribution and bactericidal activity of a CSA-13-IRDye 800CW derivate were assessed using an animal model of peritoneal infection after PAO1 challenge. In cell culture, CSA-13 bactericidal activities against PAO1 and Xen5 were higher than the activities of the human cathelicidin peptide LL-37. Increased CSA-13 activity was observed in polarized human lung epithelial cell cultures subjected to butyric acid treatment, which is known to increase endogenous LL-37 production. Eight hours after intravenous or intraperitoneal injection, the greatest CSA-13-IRDye 800CW accumulation was observed in mouse liver and kidneys. CSA-13-IRDye 800CW administration resulted in decreased bacterial outgrowth from abdominal fluid collected from animals subjected to intraperitoneal PAO1 infection. These observations indicate that CSA-13 may synergistically interact with antibacterial factors that are naturally present at mucosal surfaces and it maintains its antibacterial activity in the infected abdominal cavity. Cationic lipids such as CSA-13 represent excellent candidates for the development of new antibacterial compounds.
C
eragenins, synthetic cationic steroids, represent a new class of antimicrobial agents designed to mimic the activities of natural cationic antibacterial peptides (CAPs) (1, 2) . They are characterized by a broad spectrum of bactericidal activities against viruses, Gram-negative and Gram-positive bacteria (3) (4) (5) , fungi, and parasites (6) . Like that of natural CAPs, the bactericidal activity of ceragenins declines in the presence of blood plasma; the development of ceragenins is currently directed to topical applications (7) (8) (9) . Due to its high antibacterial activity, CSA-13 is the most promising ceragenin. A recent finding showed that CSA-13 retained potent antibacterial activity over the course of 30 serial passages, indicating that bacteria are very unlikely to develop resistance against this compound (10) . In addition to bactericidal activity against planktonic bacteria, CSA-13 disintegrates bacterial biofilms in a very efficient manner, at a concentration slightly higher than that required for bactericidal activity against planktonic bacteria (11, 12) . In cell culture models, treatment with CSA-13 was found to suppress HCT116 colon cancer cell proliferation and to increase apoptosis and was associated with cell cycle arrest at the G 1 /S phase (13) . All cellular activities of CSA-13 involve interactions with plasma membranes, and the mechanism of bacterial cell killing is associated with changes in membrane organization after CSA-13 insertion into the plasma membrane, which results in membrane depolarization (14, 15) .
The epithelium plays a predominant role in innate resistance to pathogen infections by providing a mechanical barrier to microbial entry, signaling different immunocompetent cells, and directing the killing of bacteria (16) . Consistent with the ability of isolated epithelial cells to kill bacteria, various antibacterial agents that are released from epithelial cells and leukocytes have been characterized (17, 18) . Among those agents, antibacterial human ␤-defensins 1 and 2 and LL-37 peptide, which is derived from human cathelicidin (hCAP-18), are key factors preventing pathogen invasion and ensuring the effective eradication of pathogens (19, 20) . Production of CAPs, including LL-37, by epithelial cells can be activated by vitamin D 3 , butyric acid, and retinoic acid (21, 22) . The development of new antibacterial agents requires evaluation of their activities in different settings, including animal models (23) . Peritonitis after direct administration of bacteria mimics the abdominal cavity infections that develop after incidents of digestive tract perforation or in patients undergoing peritoneal dialysis (24) . In this study, we observed strong bactericidal and anti-inflammatory activities of CSA-13 in a cell culture system mimicking the airway epithelium and in a mouse model of peritoneal infection. These findings suggest a strong potential of CSA-13 for future development as a new antibiotic.
MATERIALS AND METHODS
Materials. LL-37 peptide (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNL VPRTES) was purchased from Peptide 2.0 (Chantilly, VA). Sodium butyrate, lipopolysaccharide (LPS) from Pseudomonas aeruginosa serotype 10, and cetrimide-containing agar were purchased from Sigma. P. aerugi-nosa Xen5, engineered through conjugation and transposition of a plasmid carrying transposon Tn5 luxCDABE, was purchased from Caliper Life Sciences. Luria-Bertani (LB) broth and tryptic soy broth (TSB) were purchased from Difco (Sparks, MD). Anti-hCAP-18/LL-37 antibody was obtained from Novus Biologicals (Littleton, CO). The lactate dehydrogenase (LDH) cytotoxicity assay kit was obtained from BioVision (Mountain View, CA), and IRDye 800CW was from Li-Cor (Polygen, Wroclaw, Poland).
Cell culture. Primary normal human bronchial epithelial (NHBE) cells (Lonza, Walkersville, MD) were cultured in T-75 flasks with bronchial epithelial growth medium (BEGM) containing all supplements (bovine pituitary extract, hydrocortisone, human epidermal growth factor, epinephrine, transferrin, insulin, retinoic acid, triiodothyronine, and final concentrations of 30 g/ml gentamicin and 15 ng/ml amphotericin [GA-1000]). Cells were allowed to grow until 90% confluent. Cells were then trypsinized and seeded at a density of ϳ4 ϫ 10 5 cells/ml, in differentiation medium (BEGM without triiodothyronine, supplemented with butyric acid), on 0.4-m-pore membrane inserts coated with a 3:1 mixture of bovine collagen I and human fibronectin. After the cells had reached confluence, when transepithelial resistance was Ͼ500 ⍀ · cm 2 , the differentiation medium was removed from the apical surface of the cells and the cells were allowed to grow at the air-liquid interface until polarized epithelial cell monolayers developed, as assessed by mucin production (staining with Texas Red-conjugated Ulex europaeus agglutinin; Sigma, St. Louis, MO) and the presence of cilia (expression of ␣-tubulin). Human lung epithelial carcinoma cells (line A549) were cultured at 37°C in Dulbecco's modified Eagle's medium (DMEM) (BioWhittaker, Walkersville, MD) supplemented with 10% fetal bovine serum (HyClone, Logan, UT), in 5% CO 2 . To evaluate CSA-13 and LL-37 antibacterial activities for all cell types, growth medium was changed to DMEM and a P. aeruginosa suspension was added to the apical surface of cell monolayers, followed by the addition of antibacterial agents.
Bactericidal activity in a cell culture setting. P. aeruginosa cells grown to mid-log phase at 37°C (controlled by evaluation of the optical density at 600 nm [OD 600 ]) were resuspended in DMEM. CSA-13 and LL-37 bactericidal activities were evaluated using a bacterial killing assay. After standard incubations of bacteria with different concentrations of antibacterial agents at 37°C, samples were placed on ice and diluted 10-to 1,000-fold, and 10-l aliquots of each dilution were spotted on cetrimide-containing agar. The numbers of colonies for each dilution were counted the following morning. The CFU per milliliter for the individual samples were determined from the dilution factor.
F-actin, ␣-tubulin, and hCAP-18/LL-37 staining. Cells treated with various reagents or untreated confluent monolayers of human lung polarized epithelial cells were washed three times with phosphate-buffered saline (PBS) and fixed for 10 min at room temperature (RT) with 4% paraformaldehyde (Sigma-Aldrich), followed by an additional rinse with PBS. Cells were then permeabilized for 5 min at RT with 0.1% Triton X-100. For localization and structure analysis of F-actin, cells were stained for 30 min with a 1:100 solution of rhodamine-labeled phalloidin (Invitrogen) in PBS. For NHBE, the polarized monolayer was first stained with 3 g/ml antitubulin monoclonal antibody (Amersham, Arlington Heights, IL). Assessment of hCAP-18/LL-37 peptide expression in control and A549 polarized lung epithelial cells treated with butyric acid was performed using immunostaining after fixation. The immunostaining was performed after 48 h of treatment with 1 or 4 mM sodium butyrate. Under all conditions, A549 cells were subjected to permeabilization with Triton X-100 before the addition of anti-hCAP-18/LL-37. Sodium butyrate was shown previously to induce hCAP-18/LL-37 expression in the human colorectal cancer cell line Caco-2 (25, 26) . Fluorescence was assessed using an inverted research microscope (Leica DM IRBE system).
Evaluation of cytotoxicity toward lung epithelial cells. Epithelial cell cytotoxicity associated with bacterial infection was assessed by measurements of LDH released into the culture supernatants, which were compared with the total enzyme activity recovered from lung epithelial cell monolayers after cell lysis with 0.1% Triton X-100. An LDH colorimetric assay kit was used according to the manufacturer's instructions.
Bioelectrical measurements. The transmonolayer electrical resistance was measured using an EVOM volt-ohm meter (World Precision Instruments, Berlin, Germany) equipped with a pair of STX-2 chopstick electrodes. Electrodes were placed in the upper and lower chambers, and resistance was measured with the volt-ohm meter.
CSA-13 labeling with IRDye 800CW. The labeling of CSA-13 with IRDye 800CW was performed according to a previously used procedure (27) . CSA-13 was suspended in phosphate buffer at pH 7.4. At this pH, the N-terminal ceragenin groups react with the N-hydroxysuccinimide (NHS) ester to form stable covalent amide bonds. The efficiency of labeling was nearly 90%.
Antimicrobial testing of CSA-13-IRDye 800CW in vitro. The bactericidal activities of CSA-13, CSA-13 labeled with dye, and IRDye 800CW were measured using a killing assay. Briefly, to perform the killing assay, P. aeruginosa PAO1 was grown to mid-log phase at 37°C, resuspended in PBS, and brought to 10 8 CFU/ml. The cells were then diluted in PBS containing different concentrations of CSA-13, CSA-13 labeled with dye, or IRDye 800CW. After 1 h of incubation at 37°C, the plates were transferred to ice and the suspensions were diluted 10-to 1,000-fold in PBS. Then, 10-l aliquots were spotted on cetrimide-containing agar plates for overnight culture at 37°C, after which CFU were determined. P. aeruginosa PAO1 biofilms were grown for 48 h at 37°C, with and without antibacterial agents, in 96-well microtiter plates. Each well was washed four times with deionized water to remove planktonic bacteria. Biofilm mass was evaluated using crystal violet (0.1%) staining. Excess stain was rinsed off with deionized water, and plates were dried. Then, 100 l ethanol was added, and the optical density (OD) was determined at 570 nm. These OD values were considered measurements of bacteria adhering to the surface and forming a biofilm. A killing assay was performed to assess the activity of CSA-13 labeled with IRDye 800CW in peritoneal fluid. Briefly, P. aeruginosa PAO1 was grown to mid-log phase at 37°C, resuspended in PBS, and brought to ϳ10 8 CFU/ml. Bacteria were then diluted in PBS mixed with 50% human peritoneal fluid containing different concentrations of CSA-13 labeled with IRDye 800CW. After 1 h of incubation at 37°C, the plates were transferred to ice and the suspensions were diluted 10-to 1,000-fold in PBS. Then, 10-l aliquots were spotted on cetrimidecontaining agar plates for overnight culture at 37°C, after which CFU were determined.
Biodistribution of CSA-13-IRDye 800CW and bactericidal activity in vivo. A 100-l volume of CSA-13 covalently labeled with the fluorescent dye IRDye 800CW was injected intravenously (n ϭ 5) or intraperitoneally (i.p.) (n ϭ 5) into 10-week-old nude female mice (strain Cby.Cg.Foxn1nu/cmdb). At predetermined times (0.5, 4, and 8 h postinjection), animals were anesthetized with isoflurane and whole-body scans were performed. After the last time point, a lethal injection of xylazineketamine was administered, and then the brain, heart, lungs, liver, pancreas, spleen, kidneys, and bladder were isolated. The fluorescence of isolated organs was recorded in the 800-nm channel using an Odyssey imaging system. Pharmacokinetic parameters, including maximum plasma concentration (C max ), time to reach C max (T max ), biological halflife (t 1/2 ), total area under the concentration-time curve (AUC total ), mean residence time (MRT), and clearance (CL), were calculated using Kinetica 5.0 software. The binding of the ceragenin to plasma proteins was assessed spectrophotometrically. The concentrations of CSA-13 in ultrafiltrates were determined by measuring the absorbance at 230 nm (A 230 ) in a spectrophotometer, compared with drug-free ultrafiltrate as a blank (28) . To evaluate antibacterial activity, mice were infected intraperitoneally with 100 l of PAO1 bacteria suspended in LB broth at an OD 600 of 0.1, which corresponds to 6 ϫ 10 6 CFU. Two hours after infection, a treated group received 5 g/g CSA-13-IRDye 800CW injected i.p. (n ϭ 5) and a control group received 0.9% NaCl (n ϭ 5). At 10 h postinfection, a lethal injection of xylazine-ketamine was administered. Blood was collected into EDTA-containing tubes (1% solution) by cardiac puncture. After serial dilution, peritoneal fluid was spotted on cetrimide-containing agar plates for overnight culture to determine bacterial outgrowth. Additionally, the spleens were removed and changes in weight (possibly due to inflammation) were assessed.
Statistical analysis. Data are reported as the mean Ϯ standard deviation (SD) of three to six experiments. Data analysis was performed using one-way analysis of variance (ANOVA) with a post hoc Bonferroni analysis test.
RESULTS
CSA-13 treatment prevents morphological changes of human polarized lung epithelial cells occurring after bacterial infections. When subjected to P. aeruginosa Xen5 infection (with the addition of bacteria to the apical surface), confluent (as indicated by transepithelial resistance of Ͼ500 ⍀ · cm 2 ) and fully differentiated, polarized, primary human lung epithelial cells (Fig. 1A) showed reduced cell-cell junctions (appearance of large gaps), decreased expression of ␣-tubulin (decreased numbers of cells with cilia), and increased cortical F-actin (Fig. 1B) . These changes were less pronounced in samples to which CSA-13 had been added following bacterial inoculation ( Fig. 1C and D) . Epithelial cell damage associated with the presence of bacteria was indicated by increased LDH activity (78% higher than that detected in control samples at the 18-h time point), which was prevented by CSA-13 addition, as indicated by decreases in LDH activity to 67 and 51% after treatment with 10 and 30 M, respectively (data not shown).
Bactericidal activity of CSA-13 in a cell culture system is greater than that of the cathelicidin LL-37. As indicated by the data in Fig. 1E , the addition of CSA-13 (10 M) to the apical surface of primary lung epithelial cells infected with P. aeruginosa Xen5 resulted in rapid killing (no bacterial outgrowth from the apical surface was observed during the period between 30 min and 6 h). Since the presence of mucin at the surface of primary lung epithelial cells might have affected the precise collection of samples for bacterial growth assays, we also assessed the presence of P. aeruginosa Xen5 by monitoring changes in bacterial luminescence (Fig. 1F) . According to the in vitro P. aeruginosa Xen5 growth curve, 2 ϫ 10 6 mean photons/s corresponds to an OD 600 of 0.5, which translates to ϳ10 8 CFU/ml. At 6 h after the addition of 10 or 30 M CSA-13 to infected cultures, luminescence was decreased by 89 or 97%, respectively. Since luminescence measurements may collect signals from bacteria that are trapped in mucin or have bound to or have migrated inside the epithelial cells (29, 30) , differences between bacterial outgrowth and luminescence signals might be observed (Fig. 1E and F) . Indeed, no bacterial outgrowth from the apical surface of cultured cells was observed when limited luminescence was recorded (Fig. 1E and F) . The changes in P. aeruginosa Xen5 chemiluminescence at various time points after treatment with CSA-13 or LL-37 are shown in Fig. 1F . In our cell culture system, bacterial killing and decreased bacterial luminescence after the addition of CSA-13 were greater than the effects of LL-37.
Sodium butyrate increases antibacterial activities of CSA-13 and LL-37 in a cell culture system. The intensity of P. aeruginosa Xen5 luminescence in wells containing confluent cultures of bacteria-infected A549 lung epithelial cells decreased 1, 2, and 8 h after CSA-13 addition (Fig. 1G to I) . The observed decreases depended on the CSA-13 concentration and the incubation time ( Fig. 1J and K) . The antibacterial effects of CSA-13 and LL-37 were much greater in samples treated with butyric acid, which was shown previously to increase hCAP-18 expression (21, 22) . In- CSA-13-IRDye 800CW synthesis and bodily distribution in a mouse model of peritoneal infection. The overall synthesis procedure for CSA-13 labeled with fluorescent dye (IRDye 800CW) is shown in Fig. 2a . The CSA-13-IRDye 800CW fluorescent product was obtained via N-hydroxysuccinimide (NHS) ester-mediated derivatization, which involves reaction of the NHS group with the primary amine of the ceragenin CSA-13. The conjugation reaction is performed under physiological conditions (pH 7.4) at room temperature and results in an amide bond linkage. The reaction of NHS esters with primary amines is fast, and cross-linking with this reaction is widely utilized in pharmacokinetic studies of bioactive compounds. In vivo imaging of ceragenin biodistribution in whole mice is shown in Fig. 2b . Eight hours after intravenous or intraperitoneal injection, the highest levels of CSA-13-IRDye 800CW accumulation were observed in liver and kidneys. However, higher levels of accumulation were detected in liver and bladder after intravenous injection, compared to intraperitoneal administration (Fig. 2c) . Nonsignificant differences in CSA-13-IRDye 800CW organ distribution in healthy versus infected mice were observed (Fig. 2d) . Various pharmacokinetic parameters, including total area under the concentration-time curve (AUC total ), maximum plasma concentration (C max ), time to reach C max (T max ), biological half-life (t 1/2 ), mean residence time (MRT), and clearance (CL) of the ceragenin, were calculated through reconstruction of the fluorescence signals. The protein binding of the ceragenin was determined by ultrafiltration of whole plasma containing CSA-13 (2%) and measurement of the A 230 of free (unbound) compound in the resulting ultrafiltrate. The basic pharmacokinetic parameters of CSA-13 are summarized in Table 1 .
CSA-13-IRDye 800CW exerts antibacterial activity in a mouse model of peritoneal infection. Figure 3A shows that functionalization of CSA-13 by attachment of IRDye 800CW did not affect CSA-13 antibacterial activity against the planktonic form of P. aeruginosa. Both free CSA-13 and its labeled derivative CSA-13-IRDye 800CW were able to prevent bacterial growth at a concentration of 2 g/ml (IRDye 800CW lacks intrinsic bactericidal activity). In addition to bactericidal activity against planktonic PAO1 bacteria, CSA-13 and CSA-13-IRDye 800CW were able to prevent biofilm formation and to kill bacteria embedded in the biofilm matrix. As indicated in Fig. 3 , biofilm mass formed in the presence of 10 g/ml CSA-13-IRDye 800CW was reduced more than 90%. To imitate in vivo conditions and to select a dose of CSA-13-IRDye 800CW for an animal model of peritoneal infection, the bactericidal activity of CSA-13-IRDye 800CW was assessed in a PBS-human ascites (1:1) mixture. As shown in Fig. 3C , at a concentration of 5 g/ml, CSA-13-IRDye 800CW exerted strong bactericidal activity against the PAO1 strain (OD 600 ϭ 0.1). Bactericidal activity of CSA-13-IRDye 800CW was also observed in a mouse model of peritoneal infection. Six-week-old nude mice Figure 3E shows that, in our experimental setting, 3-fold increases in total amounts of WBCs in infected mice occurred 10 h postinfection. However, an expected decrease in total WBC amounts in treated mice versus untreated mice was not observed. No statistically significant difference in the values of the square root of the spleen weight/total body weight ratio for control, infected, and infected/CSA-13-IRDye 800CW-treated animals was observed (Fig. 3F) .
DISCUSSION
CSA-13 is a nonpeptide bactericidal molecule with activity against a broad spectrum of Gram-negative and Gram-positive bacteria, particularly clinically relevant pathogens such as P. aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA) (4, 31) . Additionally, this low-molecular-mass compound has potent activity against bacterial biofilms (32, 33) . Some previous studies undertook evaluations of CSA-13 activity using in vitro systems and different experimental settings dedicated to evaluation of activity against resistant strains (31, 34) , in different body fluids (32) , in the presence of different polyelectrolytes (35, 36) , or using drug release systems and antimicrobial coating (32, 37, 38) . However, only a few studies have evaluated the activity of CSA-13 in cell cultures or animal models (13, 39, 40) . The in vivo activity of CSA-13 likely depends on environmental factors at the infection site, host immune responses, and the type of pathogen causing infection. Compared with controls, CSA-13 did not prevent pin track infection at a percutaneous tibial pin site in a sheep model, suggesting that maintaining skin attachment at the implant surface of osseointegrated implants is essential as a primary barrier to infection (39) . Lack of CSA-13 effects at a percutaneous tibial pin site in a sheep model also underlines the importance of host defense mechanisms, which might synergistically support the effectiveness of exogenous antibacterial agents. The need for higher concentrations of CSA-13 to eliminate most of the bacteria at the surface of lung epithelial cells covered by a layer of mucin, compared to the concentrations able to eliminate bacteria in the abdominal cavity, likely results from local environmental differences in the models, since they involved the same pathogen. This possibility supports the observed increase in CSA-13 effects in cell cultures treated with butyric acid, which increases the production of LL-37.
Since bacteria are able to develop resistance to most known classes of natural and synthetic antibiotics, methods to develop new antibiotics or to improve the efficacy of established antibiotics are of great interest. Susceptibility data demonstrated that CSA-13 has an MIC 50 /minimum bactericidal activity at which 50% of strains tested are killed (MBC 50 ) ratio of 1, suggesting bactericidal activity. This was confirmed by time-kill analysis, which demonstrated that CSA-13 has potent bactericidal activity even at a concentration 0.5 times the MIC (4). Our data confirm previously reported strong bactericidal activity and demonstrate the ability to eliminate bacteria in the abdominal cavity. The in vivo bactericidal activity of CSA-13 might be strongly supported by additive and/or synergistic effects of host antibacterial molecules that function as part of a nonspecific mechanism to prevent infection. Since the mechanism of action of CSA-13 has not been fully elucidated, its additive activity might occur through different mechanisms, including strain-specific autolysis promoted by CSA-13 in pneumococcal bacteria due to triggering of the major Streptococcus pneumoniae autolysin, LytA (an N-acetylmuramoyl-L-alanine amidase) (11) , and membrane-permeabilizing capabilities (13) .
It is worth noting that the toxicity of CSA-13 has been determined to be low, and the minimum dose required for the desired beneficial effect of CSA-13 (the in vitro effective dose) was determined to be 0.5 g/ml (40) . It was recently found that the capacity of CSA-13 to damage host cells could be modulated by Pluronic F-127. This nonionic surfactant was able to decrease the toxicity of CSA-13 toward eukaryotic cells without completely protecting them from mitochondrial damage at high concentrations of the drug (41) . Decreased CSA-13 toxicity toward eukaryotic cells in the presence of Pluronic F-127 did not affect its killing activity against bacteria (32) . The addition of CSA-13 to fully differentiated cultures of epithelial cells producing mucin (Fig. 1) , at a concentration of 30 g/ml (causing release of about 8% of LDH from confluent cultures of gastric adenocarcinoma cells [3] ), does not result in morphological changes of lung epithelial cells. Such an effect suggests that the toxic effects of CSA-13 might decrease when it exerts its antibacterial action in a biopolymer network such as a solution of mucin (35, 42) .
Evaluation of ceragenin biodistribution using visualization of CSA-13 labeled with a fluorescent probe, i.e., CSA-13-IRDye 800CW, indicates that its pharmacokinetic features are comparable to those of classic antibiotics (43) . According to our findings, CSA-13 shows similarity to fluoroquinolones. In agreement with a study performed by Fahmy and Abu-Gharbieh (44), the elimination half-life of the ceragenin is comparable to the time estimated for ciprofloxacin after compartmental analysis of data obtained in rabbits, which was determined to be within the range of 2.99 to 4.32 h. However, the protein binding analysis revealed the greatest similarity with active steroid compounds, which are structurally related to CSA-13. After intraperitoneal administration, most of the CSA-13-IRDye 800CW was distributed to the liver and kidneys. Strong signals recorded from those organs might reflect the high levels of blood perfusion characterizing the liver and kidneys. However, high levels of fluorescence were not observed in the brain, where the level of blood perfusion is also very high (45, 46) . A similar finding was noted by Fischman et al., using noninvasive positron emission tomography (PET) and 18 F-labeled fleroxacin to determine the tissue pharmacokinetics of this drug (47) . The detected signals might partially represent the fluorescence from molecules used to label CSA-13, as formed after CSA-13-IRDye 800CW hydrolysis. Detected fluorescence, indicating accumulation of CSA-13-IRDye 800CW, in the bladder after intravenous injection could be attributed to enhanced renal elimination of these molecules, suggesting the dominant role of the bladder in protecting against CSA-13-IRDye 800CW accumulation. However, further studies to evaluate CSA-13 nephrotoxicity are needed. Our data indicate that fluorescence imaging of drug biodistribution could be an alternative method for visualization of drug localization and, after reconstruction, calculation of pharmacological parameters. Recent reports revealed that fluorescence-mediated tomography has many advantages over other techniques, because of the low cost, ease of use, and absence of radioactivity (48) . The possibility of overcoming these limitations emphasizes the complex character of these imaging techniques (49) . However, other techniques also could be applied for wholeanimal map reconstruction (50) . Rapid dose-dependent interactions between bacteria and CSA-13 labeled with a fluorescent probe, boron-dipyrromethene (BODIPY)-succinimidyl ester (CSA-119), were recently reported (51) . That study emphasizes that the hydrophobic character of BODIPY-succinimidyl ester likely contributes to the interactions of CSA-119 with bacteria (51) . Similar to the reported properties of CSA-119 resulting from the presence of attached dye, increased affinity of the ceragenin tagged with IRDye 800CW for bacterial cells may partially explain differences in the distribution of CSA-13-IRDye 800CW in the abdominal cavities of healthy versus infected mice. The bactericidal activity of CSA-13 did not significantly change after functionalization with IRDye 800CW. In agreement with our study, Saar-Dover et al. indicated that CAPs labeled with diazole dye at their N termini possessed the net charge of the unlabeled peptides minus one, while their antimicrobial activity was unchanged (52) . That study confirmed that, after functionalization with fluorescent groups, cationic antimicrobial peptides and their synthetic analogs retained their activities and affinities for the plasma membranes of bacteria.
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